The base sequence in genome was governed by some fundamental principles such as reverse-complement symmetry, multiple fractality and so on, and the analytical method of the genome structure, the "Sequence Spectrum Method (SSM)", based on the structural features of genomic DNA faithfully visualized these principles. This paper reported that the sequence spectrum in SSM closely reflected the biological phenomena of protein and DNA, and SSM could identify the interactive region of protein-protein and DNAprotein uniformly. In order to investigate the effectiveness of SSM we analyzed the several proteinprotein and DNA-protein interaction published primarily in the genome of Saccharomyces cerevisiae. The method proposed here was based on the homology of sequence spectrum, and it advantageously and surprisingly used only base sequence of genome and did not require any other information, even information about the amino-acid sequence of protein. Eventually it was concluded that the fundamental principles in genome governed not only the static base sequence but also the dynamic function of protein and DNA.
INTRODUCTION
As described in the previously [1, 2] , it was very important to investigate the structure of the entire genome because the four bases should be arranged in a sophisticated fashion in the genome, and essentially the base sequences might reflect the conformations of protein, RNA and DNA. DNA sequences were deeply affected by the adjoining sequences. In other words, the non-coding sequences might play some important roles to express each gene (the coding sequences) in genome. That is, not only the coding region, but also the non-coding region might be necessary to transmit and to transform the biological information precisely, rapidly, and stably. Therefore, if we would find meaningful structure in the genome, we might also obtain important information about the functions of protein, RNA and DNA from their structure.
Previously, we showed that the four bases in genomic DNA were organized based on the generation-rules in all organisms by analyzing the appearance frequency of the bases, and we proposed three generation-rules of the base sequences in a single-strand of DNA: 1) reverse-complement symmetry of the 1 ~ 9 successive base sequences, 2) multiple fractality of each base distribution depending on the distance, and 3) bias of four bases, A, T, G and C. These rules were universally observed regardless species [1] . Further we also defined the sequence spectrum by the appearance frequency of the base sequence in genome, and we have developed the powerful method "Sequence Spectrum Method (SSM)" in order to visualize and analyze the generation-rules in entire genome explained above. As one of important results, we revealed by using SSM that there was the remarkable homology of sequence spectrum between proteins and tRNAs [2] . This fact suggested the sequence spectrum could be closely associated with the function of protein, and the homology of sequence spectrum could be related to the mutual interactive region. Identification of mutual interactive region of protein, RNA and DNA was definitely important to figure out their functions, and usually the homology of base sequence or amino-acid sequence was used for it.
To investigate the effectiveness of SSM, in this paper, we showed that SSM could identify the interactive region of the protein-protein and the protein-DNA by the homology of the sequence spectra. The advantages of the proposed method were as follows.
1) It used only base sequence of genome and did not require any other information, even information about amino-acid sequence of protein. As SSM faithfully reflected the biological information, the conservation of the bases sequences of genomic DNA was also conserved in the translated amino acids sequence of the protein sequence [1, 2] .
2) It could identify the interactive region of both protein-protein and protein-DNA in completely the same manner.
3) It could be executed fully on a personal computer and did not require a special high performance computer. Moreover the identification was done in a few seconds.
MATERIALS AND METHODS

Sequence Spectrum Method (SSM)
SSM was carried out in the same way as the published procedures [2] . The outline of the proposed method was as follows. The base sequence of interest was sectioned by a small number of bases from the top (5'-end). The key sequences of the nine successive base sequences (d = 9) was 262,144 sequences (= 4 9 , Reference [2] ). The appearance frequency of the key sequence was counted in the entire genome, and was plotted at the position of the first base of the key sequence as described in the next paragraph. These procedures were carried out for the entire base sequence of interest with one base shift (p = 1). The next step was to average the appearance frequencies so that a recognizable pattern of appearance frequency was obtained for the base sequence. This pattern of the averaged appearance frequency was called the "sequence spectrum". Finally, the homology factor between two sequence spectra was calculated to determine the degree of homology. The exact procedure was explained below in a mathematical way.
Let S be an entire set of base sequences, and B = [b i ] be a partial set of interest in S. A base element was denoted by b i (i = 1..M), and M was the base sequence size of B. The base element b i become A (adenine), T (thymine), G (guanine) or C (cytosine). The key sequence k i and the appearance frequency f i were defined for b i as follows.
Key sequence k i : base sequence comprised of sequential base elements b i~bi+d-1 (d : base size of the key sequence).
Appearance frequency f i : appearance count of k i in S. The key sequence k i was compared with the base sequence of the entire set S, and the appearance frequency f i was increased by one every time the key sequence k i matches the partial base sequence of the entire set S. This procedure was iterated for all key sequences k i to obtain f i (i = 1..M). In practice all f i were counted and tabulated in advance by scanning all base sequence in S. Consequently, the appearance frequency vector F = [f i ] (i = 1..M) was determined (actually, the appearance frequencies for the last (d-1) base elements of B could not be calculated; however, this was neglected because M >> d-1).
Next, the appearance frequency f i was averaged as follows:
where the parameter m was average width. This averaged appearance frequency Fs = [f si ] (i = 1..M) was called the "sequence spectrum". The next step was to calculate the homology factor to determine the degree of homology. The homology factor determines the homologous region of a target base sequence with respect to a reference base sequence. In order to derive the homology factor, the mutual correlation function MF within the window width of homology was calculated as where Fsr-sequence spectrum of the reference base sequence Fst-sequence spectrum of the target base sequence w-window width of homology The mutual correlation function MF ranges from -1 to 1, and then the homology factor HF was defined as
The higher the homology factor, the more similar the sequence spectra were. The similar regions of the target base sequence with respect to the reference base sequence were obtained by calculating the homology factors HF ij for all i (i = 0..Mr-w, Mr: size of reference sequence) and j (j = 0..Mt-w, Mt: size of target sequence).
When the base sequence was very large, elements of the sequence spectrum were skipped by the size factor p 
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Controllable parameters in the sequence spectrum were the base size "d" of the key sequence, the average width "m", the skip base number (the size factor) "p" and the window width "w" of homology. The parameter "d" determined the highest resolution for extracting the structural feature of the base sequence. Therefore this parameter should be chosen to be as a large value as possible to extract the exact feature. The large "m" values were usually used to obtain the overall features of the structure, and smaller "m" values were applied to investigate the structure in detail. The value of "m" normally ranges from 1/10 to 1/100 of the base sequence size [2] . This parameter was adjusted to the base sequence size especially when the homology factor between a small reference and a large target was calculated [2] . The window width of homology, "w" determined the width of similar region to identify. In this paper the values of "d", "m", "p" and "w" were 9, 10, 1 and 200, respectively, to identify the interactive region of protein and DNA. In figures of the sequence spectrum the horizontal parameter was the base size of sequence, M of each gene or genomic DNA, and the vertical parameter was the sequence spectrum. These parameters were appropriately scaled to show the similar region clearly.
Procedure of Identification of the Interactive Region by SSM
To simplify the procedure, it was assumed that the interactive region of one protein was given (shown in purple-blue), and SSM identified the interactive region of the other protein (shown in red). The procedure to identify the interactive regions of two proteins by SSM was as follows. In the following procedure one of two proteins was replaced by DNA when the protein-DNA interaction was investigated.
[
Step 1] One protein with the given interactive region (shown in purple-blue) was designated as a reference protein, and the other protein with the interactive region (shown in red) which SSM identified was designated as a target protein.
Step 2] The sequence spectra of both the reference and target proteins were calculated.
Step 3] The similar regions between the sequence spectra of the reference and target proteins were calculated.
Step 4] The pair of similar regions (red/purple-blue) with the highest homology factor (HF) was selected as a candidate of interactive regions.
Step 5] The base sequence of the reference protein was converted to be the reverse complementary and the steps [2] [3] [4] were repeated because of the reverse-complement rule in genome.
Step 6] In two candidates obtained in steps [4] and [5] , the similar region of the target protein with higher HF was called first identified region, and the other was called second identified region.
RESULTS AND DISCUSSION
This section demonstrates that the homology of the sequence spectrum was closely associated with the mutual interaction of proteins or DNA. The identified interactive regions of the proteins were all the first identified regions in the examples below. We showed some of the interactive regions analyzed by SSM in this section. Figure 1 showed the interactive region (in purple-blue) of MAS1 [Mas1p (β-MPP), Reference [3] ] -MAS2 [Mas2p (α-MPP), Reference [4] ]. These proteins formed a complex to cleave the mitochondrial targeting signal of precursors. In Figure 1 (a) the active region (in purple-blue) around the key amino acid E 73 of MAS1 (Mas1p) was the reference, and the whole coding region of MAS2 (Mas2p) was the target (Figure 1(b) ). Previous reports proposed a model in which the glycine-rich region of MAS2 (Mas2p, in red) cooperated with the active region of MAS1 (Ma-s1p, in purple-blue). Our results strongly supported this model because the most similar region of MAS2 (in red; HF = 90.5%) with the active region of MAS1 (in purple-blue) was completely identical to the reported glycine-rich region [5,6, in red] . Moreover, the positions of the key amino acids in both proteins (E 73 in Mas1p and K 296 in Mas2p) were also identical. 2) PHO4 and PHO80 Figure 2 showed the sequence spectra of PHO4 (a, Pho4p, reference: the interactive region around the key amino acid P 174 , in purple-blue) and PHO80 (b, Pho80p, target: the whole coding region). PHO4 (Pho4p) was a transcription factor, and PHO80 (Pho80p) inhibited the transcriptional function of PHO4 (Pho4p). Ogawa & Oshima [7] and Okada & Toh-e [8] reported that there was interaction between P 174 in Pho4p and M 42 in Pho80p, respectively. The red region in (b) in which M 42 ( Figure   2(b) , arrow head) of Pho80p was located was the region most similar to the reference region of Pho4p, in which P 174 (Figure 2(a) , arrow head) was located (HF = 89.1%). The interactive regions between Pho4p and Pho80p were also discussed in the Pho2p results (6) later.
Mutual Interaction of Protein-Protein
1) MAS1 and MAS2
3) RPB2 and RPB12 Figure 3 showed the sequence spectra of RPB2 and RPB12. The RPB protein family forms DNA-directed RNA polymerase II [9] . RPB2 (Rpb2p encoding gene) and RPB12 (Rpb12p) were members of the family, and RBP12 (Rpb12p) combined with RPB2 (Rpb2p). Rpb12p was a very small protein with 70 amino acids whereas Rpb2p was a large one with 1224 amino acids. Therefore in this case the whole coding region of RPB12 (Rpb12p) was suitable for the reference (a) and the coding region of RPB2 (Rpb2p) for the target (b). The result was shown in Figures 3(a-b) . The red region is the most similar re-gion of RPB2 (Rpb2p) with RPB12 (Rpb12p, HF = 87.1%). The literature [9] revealed that the interaction between RPB2 (in red) and RPB12 (in purple-blue) occurred at two regions of RBP2, and Figure 3 showed one of these two interaction regions. This result was unlikely to be a coincidence because the target size was about 18 times larger than the reference size. In addition, interestingly the other interacting region was very close to the second identified region in the coding region (not shown), although it was not completely identical (a previous report [9] specified the region around the 900th amino acid of Rpb2p, but our results specified the region around the 940th amino acid).
4) GCR1 and GCR2
The interactive region of GCR1 [Gcr1p,10] and GCR2 [Gcr2p,11] was very interesting. In Figure 4 the red region of GCR1 (Gcr1p, leucine zipper) was the first iden-tified region (HF = 92.9%) with respect to the reference region (in purple-blue) of GCR2 (Gcr2p). The sequence spectra suggested that the leucine-zipper region of GCR1 (Gcr1p) might interact with the C-terminus of GCR2 (Gcr2p, purple-blue region), although considerable controversy still existed concerning the interaction between Gcr1p and Gcr2p [12, 13] . This case is quite interesting for following reasons: a) the identified region was derived from the reverse-complement reference region of GCR2, that is, the reverse-complement base sequence of GCR2 was also useful to the analysis of the interactive region by SSM (designated it as the reverse-complement rule), and b) the portion of the reference region exceeded outside to the downstream region. This means that in this case the proposed method identified both the different objects, the protein region for GCR2 (Gcr2p) and the DNA region for GCR2 of the reference region. That is, the sequence spectrum of a given gene might reflect the information of both protein and DNA, and SSM could be applied to analyze both of them. This example proved that SSM could apply to large size proteins. The size of proteins Sla1p (coded by SLA1) and Sla2p (coded by SLA2) were 1244 and 968 amino acids respectively, and Figure 5 showed the interactive regions of these proteins. In Figure 5 the red region of SLA1 (Sla1p) was the first identified region (HF = 94.3%) with respect to the reference region (in purple-blue) of SLA2 (Sla2p) which was converted to be reverse complementary. The literature [14] showed that this result was valid.
The three examples 6) ~ 8) below were results of predicting the interactive regions by SSM. In these examples one of the interactive regions was known and the other was unknown, and SSM predicted the unknown interactive region. 
6) PHO2, PHO4
and PHO80 [15] [16] [17] The identification of the interactive regions might be applied the characterization of the molecular mechanism of the metabolism. For instance, the example focusing on the interactive regions of PHO2 (Pho2p) -PHO80 (Pho80p) -PHO4 (Pho4p) was very suggestive. PHO2 was a gene coding a transcription factor, Pho2p regulating several genes like PHO5 with co-regulated with other transcription factor, Pho4p [15] [16] [17] . It was well known that Pho2p had a cooperative interaction with Pho4p, and the literature [15] reported that the amino acids around S 230 of Pho2p played an important role concerning the interaction with Pho4p. In this connection SSM predicted the target interactive region of Pho4p with the reference region around S 230 of Pho2p. The predicted region of Pho4p was located very close to or overlapped partially with the interactive region with Pho80p, and the positions of the key amino acids, S 230 of Pho2p and P 174 of Pho4p were identical ( Figure 6) .
As described in the above section (2) PHO4 and PH-O80, P 174 of Pho4p and M 42 of Pho80p were functioned in the interaction of theses proteins (Figure 2) . Namely the positions of the three key amino acids P 174 of Pho4p, M 42 of Pho80p, and S 230 of Pho2p were identical in the identified interactive regions by SSM. This fact suggested that Pho80p might be interfered in the cooperation between Pho4p and Pho2p, and this result was very reasonable [15] [16] [17] although more experimental confirmations would be necessary.
7) PHO2 and SWI5 [18] SWI5 was a gene encoding a transcription factor, Swi5p that activates transcription of genes expressed at the M/G1 phase boundary and in G1 phase such as PHO2 encoding a regulatory protein involved in cooperatively phosphate metabolism, Pho2p. The base number of the interactive region in SWI5 is known and unknown in PHO2 [18] . We predicted the unknown interactive region of Pho2p by the SSM (Figure 7) . 
8) ATP3
and ATP15 [19] [20] [21] ATP3 and ATP15 were genes encoding F 1 F 0 -ATPase complex γ and ε subunits respectively, which participated in a rotation of the complex [19] [20] [21] . In this example the interactive regions both of ATP3 and ATP15 were unknown. However we could choose the entire coding region of ATP15 as the reference because the genome size of ATP15 was small (186 nt). Therefore, we used as w = 186 by SSM in this case. Other values, m, d, and p were the same, 10, 9, and 1, respectively as before. In addition, the reverse-complement base sequence of ATP15 was used because HF was higher in this analysis. We predicted the unknown interactive region of ATP3 by the SSM (Figure 8) .
In x-ray crystallography of γ -ε complex of ATP synthase in E. coli and bovine, presumably, the 200 th amino acid and the adjacent amino acids of γ -subunit (Atp3p) locating the foot-position could be interacted with ε -subunit (Atp15p) [19, 20] . The prediction by SSM might be in accord with the results of these literatures for X-ray crystallography. The experiment to confirm the interactive regions of Atp15p and Atp3p analyzed by SSM is under the progress. SSM was the analytical method to identify the base numbers (position from 5'-ATG = the start codon) of the interactive regions (sites) of the reference-and the targetprotein. However there were not many examples where the interactive regions with the base numbers were identified for the reference and target proteins in the yeast genome databases such as SGD etc. Therefore we could not select many examples for the SSM analyses and showed all examples we have in this manuscript. The region most similar to the reference is shown in red (HF = 88.6%). It has been shown that the amino acids sequences (shown in red letter) of Atp15p interacts with the amino acids sequences (shown in red region) of Atp3p [19] [20] [21] . The scales of axes in (a) and (b) are the same. The amino acid sequences of Atp15p and Atp3p neighboring the interactive regions were shown in figures, respectively. The arrowhead and the red letter amino acid residue, N 200 of Atp3p might be interacted with Atp15 from X-ray crystallography [19, 20] .
The results in this paper could be sufficient to confirm the validity of SSM method because the probability to identify the interactive regions was very small by coincidence. For instance, in the case of MAS1 (Mas1p)/MAS2 (Mas2p), MAS2 was composed of about 1,400 nt, which meant that the identification probability by coincidence was lower than 1/ Finally we predicted the interactive regions of many proteins which were chosen randomly from 16 different chromosomes of S. cerevisiae [22] , and summarize the prediction results in Table 1 to demonstrate the effectiveness of SSM. For the examples in Table 1 we used the same analytical conditions, m = 10, d = 9, p = 1 and w = 200, and predicted the interactive regions both of the reference and target proteins. However the proposed method in this paper was based on the condition that the interactive region of the reference protein was known and that of the target protein was unknown. Therefore some of these prediction results might be revised in our future work because the identification ability of SSM was not strong at present when the interactive regions both of the reference and target proteins were unknown. We are improving SSM to apply these cases now. 
Mutual Interaction of Protein-DNA
This section clarified that the homology of sequence spectra was also related to the mutual interaction between protein and DNA. The interactions of the transcription factor GAL4 [23] and the promoters of GAL genes (UA-S Gal signal, GAL1, GAL10, GAL2 and GAL7) [24] [25] [26] were taken as an example. Figure 9 showed the sequence spectra of the upstream region of GAL1 as the reference (a) and the reverse-complement base sequence of the coding region of GAL4 as the target (b). We employed the upstream region of GAL1 to demonstrate the effectiveness of the method although its base size was 668 wh-ich was a little large for the reference region. In Figure 9 the red region was the first identified region of GAL4. Surprisingly this red region is completely identical to the DNA binding region of GAL4 with the zinc finger motif, and the purple-blue region is the promoter region of GA-L1. This means that in this case the proposed method perfectly identified both the interactive reference (in purple-blue) and target regions (in red) at the same time despite the different objects, the protein region for GAL4 and the DNA region for GAL1. Thus interactive analysis might be applied to other GAL genes, GAL10, GAL2, and GAL7, which their promoter regions were also interacted with the N-terminal DNA binding domain (zinc-finger domain) of GAL4 (Gal4p). Figure 10 showed all the promoter regions identified by SSM with the DNA binding region of the Gal4p (the reverse-complement base sequence) in Figure 9 as the reference region (in purple-blue). In this figure the reference region of GAL4 was fixed to arrange the layout of identified regions for the promoter. It was clear from this figure that the promoter sites in the red regions over lapped with each other. We obtained similar results for PH-O genes (data not shown).
Crucial Problems and Discussions
Our results raised various crucial problems below which were definitely related to fundamental principles of life. However we had to admit that we did not have perfect answer to these problems at the moment. Therefore our discussions below had some uncertain hypotheses.
[Question 1] Why was the sequence spectrum associated with functions of protein and DNA?
Originally the sequence spectrum was devised to ex-amine the generation-rules in genome, and succeeded in visualizing the rules of reverse-complement symmetry, multiple fractality and so on. Therefore the fact that the sequence spectrum was associated with the functions of protein and DNA led to the fact that the generation-rules could govern not only the static base sequence in genome as the blueprint of life but also the dynamic phenomena of proteins and DNAs as the principle of life mechanism.
[Question 2] Why was the homology of sequence spectrum closely associated with the interaction of proteins?
A possible answer to this problem was that the sequence spectrum could reflect the higher order structure of proteins. The interacting region was considered to consist of the specific sequence of amino acids. This specificity of the amino acid sequence could be reflected to the appearance frequency of the base sequence corresponding to the amino acid sequence. The homology of the sequence spectrum could be interpreted to be an affinity of the interactive regions of the proteins.
[Question 3] Why was the homology of sequence spectrum closely associated with the interaction of protein and DNA?
Similarly to the problem [Question 2], a possible answer to this problem was that the sequence spectrum could reflect the higher order structure of protein and DNA. However, this fact would raise another crucial problem. Why could the sequence spectrum reflect the higher order of both protein and DNA in the same manner which was totally different objects? In order to answer this problem, it was definitely necessary to examine the relation between the higher order structures of protein and DNA (or RNA). Our results implied that there could exist a close structural relation between them. For instance, it was well known that a domain of EF-G factor protein emulated amino acyl-tRNA [26] . It could be even possible that the structure of protein could inherit the structure of its original DNA in genome because inheritance could be most simple answer for this problem. SSM basically could detect the interacting regions of gene DNAs through the homology of the sequence spectrum, and this automatically could lead to detect the interacting regions of proteins translated from the gene DNAs through the structure inheritance. We suspected that tRNA and codon table gave an important clue on this issue because tRNA were directly associated with the amino acid of protein and the triplet codon of DNA. Moreover the sequence spectrums of tRNA and protein possess the similar relation. For instance the GTP binding protein RAS2 [27, 28] and Gly(GGG)-tRNA which were both related to guanine(G) in common were similar in the sequence spectrum [2] .
CONCLUSIONS
The conclusions obtained in this study were summarized as follows.
1) The homology of the sequence spectrum was closely associated with the interaction of protein and DNA.
2) The SSM was a suitable prediction method to identify interacting regions regardless of the biological macromolecules: DNA, RNA and protein.
3) The SSM was so fast and useful that it did not require a super computer but rather a personal computer.
4) The generation-rules in genome could govern not only the static base sequence in genome but also the dynamic phenomena of proteins and DNAs.
5) The sequence spectrum could reflect the higher order structure of protein and DNA.
6) There could be a close relation between the structures of protein and DNA.
The proposed method by SSM should be improved to identify or predict both the reference and target regions at the same time in any cases. This project is now ongoing in our laboratory and we will report on this subject in the next paper.
